Here we analyze the first simultaneous X-ray, ultraviolet, optical, infrared, and centimeter observations of a T Tauri star (TTS). We present three epochs of simultaneous Spitzer and VLA data of GM Aur separated by ∼1 wk. These data are compared to previously published HST and Chandra observations from which mass accretion rates (Ṁ ) and X-ray luminosities, respectively, were measured. The midinfrared emission increases along withṀ , and we conclude that this is due to an increase in the mass in the inner disk. The cm emission, which probes the jet, also appears to increase asṀ increases, and the changes in the cm flux are consistent with the variability inṀ assuming the mass-loss rate is ∼ 10%Ṁ . The 3 cm emission morphology also appears changed compared with observations taken three years previously, suggesting that for the first time, we may be tracking changes in the jet morphology of a TTS. The X-ray luminosity is constant throughout the three epochs, ruling out variable high-energy stellar radiation as the cause for the increases in the mid-infrared or cm emission. Tying together the multiwavelength variability observed, we conclude that an increase in the surface density in the inner disk resulted in more mass loading onto the star and therefore a higherṀ , which led to a higher mass-loss rate in the jet. These results stress the importance of coordinated multiwavelength work to better understand the star-disk-jet connection.
INTRODUCTION
Low-mass pre-main-sequence stars (i.e., T Tauri stars; TTS) are highly energetic, and many are surrounded by circumstellar disks displaying the typical signatures of mass accretion onto the star and mass ejection via jets (e.g., Frank et al. 2014; Hartmann et al. 2016) . Highenergy radiation is mainly traced via X-ray observations (since we cannot observe the extreme ultraviolet; EUV) which predominantly originates from the stellar corona (Feigelson et al. 2002; Brickhouse et al. 2010) . The inner dust edge of the disk emits brightly in the mid-infrared (MIR; e.g., Muzerolle et al. 2003; Espaillat et al. 2010; Tannirkulam et al. 2007; McClure et al. 2013; MillanGabet et al. 2016) . Accreting TTS (i.e., classical TTS; CTTS) have strong magnetic fields (Donati & Landstreet 2009; Johns-Krull et al. 2013 ) that truncate the inner disk and lead to accretion of material onto the star (Hartmann et al. 2016) . The most direct measurement of the mass accretion rate,Ṁ , comes from extracting the excess near-UV (NUV) continuum emission due to accretion (e.g., Calvet & Gullbring 1998; Ingleby et al. 2011) . CTTS also show signs of mass ejection in the form of jets (e.g., Frank et al. 2014 ) with mass-loss rates of ∼10%Ṁ (Hartigan et al. 1995; Natta et al. 2014) .
Variability is a trademark of TTS. Variability is well known inṀ (e.g., Venuti et al. 2014; Cody & Hillenbrand 2018; Siwak et al. 2018 ; RE19) and X-ray emission (e.g., Preibisch et al. 2005; Argiroffi et al. 2011; Flaccomio et al. 2012 Guarcello et al. 2017 ). In the optical and MIR, the most common type of variability is from "dippers," objects that have fading events lasting one to five days (Cody et al. 2014) . Centimeter flux variability has been seen on timescales of 30 min to 15 yr in young stellar objects (YSOs), likely due to changes in the stellar magnetosphere and wind (Liu et al. 2014) .
Few studies simultaneously link the multiwavelength variability seen in TTS. Here we present results from a program that simultaneously observed the X-ray, ultraviolet, optical, IR, and cm wavelengths of the TTS GM Aur using Chandra, HST, Spitzer, and the VLA. GM Aur was chosen for this study since it is one of the best characterized disks at cm wavelengths and it is the only TTS surrounded by a transitional disk (i.e., an object with a large disk hole, Espaillat et al. 2014 ) with a resolved jet (Macías et al. 2016 ). In addition, it displays multiwavelength variability (Espaillat et al. 2011; Ingleby et al. 2015; Espaillat et al. 2019, RE19) . The HST far-UV (FUV), NUV, optical, and NIR data were first presented by RE19 in a study of accretion variability. The Chandra data were first presented by Espaillat et al. (2019) in a study of the FUV and X-ray connection. Here we present the Spitzer and VLA data of GM Aur. We focus mainly on analyzing the simultaneous Chandra, HST, Spitzer, and VLA observations which were taken over three epochs separated by about 1 wk. However, we also present two additional epochs of Spitzer data that do not have coordinated VLA data but do have simultaneous HST data from RE19 and partially simultaneous Swift data from Espaillat et al. (2019) .
In Section 2, we present the Spitzer and VLA data and discuss the timing of the overall multiwavelength dataset, and in Section 3, we search for trends. In Section 4, we Note. -Here we adopt the epoch labels used in RE19 and Espaillat et al. (2019) which analyzed eight epochs of GM Aur. Figure 2 .
discuss the connection between disk variability probed by Spitzer and stellar variability probed with HST, Swift, and Chandra. We also consider jet variability seen with the VLA in light of the HST, Chandra, and Spitzer observations. We present conclusions in Section 5.
OBSERVATIONS AND DATA REDUCTION
Here we report new Spitzer and VLA data. These data were taken simultaneously with HST and Chandra or Swift data and were first reported in RE19 and Espaillat et al. (2019) , respectively. In order to facilitate comparison between the works, we adopt the same epoch labels; RE19 and Espaillat et al. (2019) analyzed eight epochs of GM Aur. Here we present five epochs of Spitzer data taken in Epoch (E) 4 through E8 and three epochs of VLA data taken in E6 to E8. The main focus of this paper is on the three epochs of Chandra-HST-Spitzer data taken in E6 to E8. However, we also discuss the two epochs of Swift-HST-Spitzer data taken in E4 and E5. We compare the timing of the datasets in Section 2.3. Table 1 .
To avoid saturation, we used the fixed subarray readout mode with a time sampling of 0.1 s, resulting in 64 Basic Calibrated Data (BCD) frames. We employed a standard dither pattern with a four-position Gaussian to remove cosmic ray hits, bad pixels, latent images and pixel-to-pixel uncertainties. We developed an IDL script to combine the BCD frames using a median algorithm, avoiding the 54th frame, which has a skydark subtraction issue (IRAC Handbook ‡ ). Using IRAF daofind, we performed aperture photometry on the combined frames with an aperture radius of 3 pixels and a sky annulus ‡ https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/ iracinstrumenthandbook/ from 3 to 7 pixels. Finally, aperture correction was applied. Mean magnitudes for each epoch are listed in Table 1. There were no significant departures outside the uncertainties during the observations. 2.2. VLA VLA continuum observations at 3 cm (X band) were taken on three visits as part of Project SP0708 (PI: Espaillat; Table 2 ). Each observation featured ∼ 155 min of on-source time. The VLA was in its B configuration, and all antennas remained in the same position for the three visits. The observations were taken within 2 hr, ensuring that the differences in the u,v coverage were small. The quasar 3C147 was used as the flux and bandpass calibrator, while J0438+3004 was the phase calibrator.
The data were calibrated using the VLA pipeline in CASA (version 5.1.0). After flagging data with irregular phases or amplitudes, we obtained cleaned images using tclean in CASA (version 5.3.0). The mtmfs algorithm was used with nterms = 2 (straight spectrum) and pointlike components (scales = 0). The images were then convolved to an angular resolution of 1. 5 × 1. 5 to ensure a proper comparison between epochs. Integrated flux densities were measured by fitting a Gaussian to the convolved images (Table 2 ).
Simultaneity of the Observations
Observation times of the Spitzer and VLA data can be found in Tables 1 and 2 , respectively. Times for data presented in RE19 and Espaillat et al. (2019) can be found in Table 3 .
For E4 and E5, the Spitzer and HST data are essentially simultaneous. The Spitzer and HST data were taken along with Swift data, which are partially simultaneous. The Swift data were performed in two observations. For E4, the first Swift observation (00034249002) was taken simultaneously with the HST and Spitzer observations. The second set of Swift data for E4 (00034249003) was taken within 16 hrs after the HST and Spitzer observations. For E5, roughly 40% of the Swift observations were simultaneous with HST and Spitzer and the rest of the Swift data were taken less than ∼4.5 hrs before the start of the HST and Spitzer observations. For E6, E7, and E8, the Spitzer, HST, Chandra, and VLA data are essentially simultaneous.
ANALYSIS AND RESULTS

Infrared Continuum Emission
We dereddened the MIR data with the Mathis (1990) extinction law using an R V of 3.1 and A V = 0.6 from Manara et al. (2014) Figure 1 ), corresponding to a factor of ∼ 1.2 flux increase flux between E6 and E7.
MIR emission shortward of ∼20 µm has been attributed to optically thin dust within ∼1 au of GM Aur (Calvet et al. 2005; Espaillat et al. 2010) . Espaillat et al. (2011) found that GM Aur's Spitzer spectra varied by about 10% and attributed this to variability in the mass of dust in the inner disk. Using NASA IRTF SpeX spectra covering 1-5 µm Ingleby et al. (2015) found that the emission varied and also attributed this to dust-mass changes. The Spitzer spectra were not coordinated withṀ indicators, but the SpeX data were taken within a day of HST UV data. With three epochs of HST data, Ingleby et al. (2015) found thatṀ and the IR emission are roughly the same between their first two epochs (taken about 1 wk apart), but bothṀ and the IR emission decreased in the third epoch (taken about four months later). Their first and second epoch had 1.9 × 10 −12 M of dust in the inner disk and the third epoch had 1.4 × 10 −12 M of dust in the inner disk. Here we have only two MIR magnitudes, which is not ideal for constraining the optically thin dust model. However, we can estimate the amount of dust in the inner disk in E4 through E8 by scaling with the results of Ingleby et al. (2015) under the assumption that only the dust mass changes (Espaillat et al. 2011; Ingleby et al. 2015) . The SpeX spectra cover 3.6 µm, but not 4.5 µm where atmospheric telluric lines are strong. Convolving the SpeX spectra with the IRAC [3.6] bandpass, we determine that the SpeX flux in the first epoch of Ingleby et al. (2015) corresponds to an IRAC [3.6] magnitude of about 8.1, which is roughly consistent with our measurements in E4, E5, E6, and E8. Therefore, we assume that the mass of dust in the inner disk in these four epochs was about the same as that seen in the first epoch of the Ingleby et al. (2015) observations. For E7, if we scale the optically thin model from the flux seen in the first epoch of the Ingleby et al. (2015) observations to the flux seen in E7, we estimate a dust mass of ∼ 4.7 × 10 −12 M , corresponding to a factor of ∼ 2.5 change.
Centimeter Continuum Emission
In Figure 2 (left), we compare the spatial brightness distribution of our 2018 data to 2015 data from Macías et al. (2016) . We combine the three epochs of 2018 VLA data in this figure to achieve a high enough sensitivity to use robust weighting (r = -0.5) and a similar angular resolution to the 2015 data. There is a seeming change in the morphology of the jet emission between 2015 to 2018. The upper right emission that Macías et al. (2016) attributed to a jet appears to be present only in the 2015 data. The resolution and sensitivity of both maps are similar, suggesting that the difference in morphology is real. However, our resolution is limited, so higher spatial (Table 2 ) and the 5% absolute flux calibration uncertainty.
resolution observations are needed to confirm this. In Figure 2 (right), we plot the VLA fluxes of GM Aur from E6 to E8 (Table 2) as well asṀ (Table 3) . RE19 reported an accretion burst in E7. We see a possible increase in the 3 cm flux in E7 as well. While the VLA uncertainties between E6 and E7 do not overlap, they are still close, and so we consider this speculatively moving forward.
DISCUSSION
Variability in the Inner Disk
Here we see a large increase in the MIR emission of GM Aur asṀ increases. In E7, GM Aur was caught during a burst of accretion:Ṁ in E6 was ∼ 0.6 × 10 −8 M yr −1 ; seven days later in E7, it was ∼ 2 × 10
eight days later (Table 3) . We find that the dust mass increases by a factor of about 2.5, roughly consistent with the factor of 3.5 change inṀ between E6 and E7. This supports our contention that the surface density changes in the inner disk affect the surface density at the star, consistent with work by Ingleby et al. (2015) .
Further support for changes in the surface density are found by measuring the H 2 bump emission, which traces gas near the star. Ingleby et al. (2015) found that the luminosity of the H 2 bump emission decreased asṀ and the IR emission decreased. Espaillat et al. (2019) measured the H 2 bump luminosity and found that it trends withṀ in a sample of 7 objects. In particular, it increases by a factor of ∼ 2 between E6 and E7, roughly consistent with the change inṀ and dust mass, supportive of surface density changes in the inner disk affecting the gas in the innermost disk and henceṀ .
We can exclude that changes in MIR emission are due to an increase of irradiation from the accretion shock because the accretion luminosity is still much lower than the stellar luminosity (RE19). Flaherty et al. (2012) also found that MIR variability cannot be due to changes in the accretion luminosity. Increases in MIR emission could be due to an increase in X-ray heating (Glassgold et al. 2004) or ionization (Fraschetti et al. 2018) . Previous coordinated Chandra and IRAC variability studies of YSOs have not found a correlation between MIR and X-ray emission (Flaherty et al. 2014 (Flaherty et al. , 2016 . Our observations were simultaneous, and we also do not find a correlation between MIR and X-ray emission. Notably, E5 and E6 have similar MIR emission even though the X-ray luminosity changed significantly (Table 3) .
We conclude that the emitting gas and dust originate in the same location in the disk and, therefore, that both gas and dust exist at the magnetospheric truncation radius where material accretes onto the star (e.g., Ingleby et al. 2015) , contrary to the simple picture of magnetospheric accretion in CTTS. The need for dust near the co-rotation radius is also supported by larger variability studies, which find that the "dippers" must be explained by dust obscuration (Cody et al. 2014; Stauffer et al. 2015) . Given that these innermost regions will not be resolved in the near future, time-domain studies are the best way to probe this region.
Variability in the Jet
GM Aur appears to have variability in the morphology and flux of the jet emission. It is common to see changes in the jet morphology in protostars (e.g., Curiel et al. 2006) . However, these would be the first detected changes in the jet emission of a TTS. More frequent monitoring over a longer time range is necessary to confirm these results and to analyze the time evolution of the 3 cm emission to see how it correlates with accretion variability. Below, we speculate on the implications of these observations. GM Aur was observed previously with the VLA at 0.7, 3, and 5 cm with high angular resolution in 2015 (Macías et al. 2016) . Our 2018 VLA 3 cm observations do not show the tripolar morphology resolved by Macías et al. (2016, Figure 2, left) . This change in the morphology of the jet emission could be due to the change in brightness of ejected material that was detectable in 2015 but not in 2018. If confirmed, monitoring of the radio jet could estimate the ejection velocities in the jet and the variability in ejection of material.
There also seems to be an increase in the 3 cm flux density in E7, whenṀ was measured to be the highest by RE19 (Figure 2, right) . This possible correlation of the 3 cm emission withṀ could be attributed to an increase in the jet emission due to an increase in the massloss rate (Ṁ out ) asṀ increases. Based on the empirical correlation with the outflow momentum rate (Anglada et al. 2015) , we estimated the variability in the flux of the jet at 3 cm that a variable mass-loss rate would imply. If we assume thatṀ out = 10%Ṁ , we can calculate the expected flux of the jet. Following Anglada et al. (2015) , we calculate 4-6 µJy, 13-19 µJy, and 7-10 µJy for the three epochs (assuming a velocity in the jet of 200-300 km/s), which corresponds to changes of ∼ 7-15 and ∼ 3-12 µJy between E6 to E7 and E7 to E8. We see changes in GM Aur of ∼ 15 and ∼3 µJy. Therefore, the variability in flux could be explained by the variability in the jet. The predicted fluxes from Anglada et al. (2015) are lower than we measure, but given the uncertainties in the correlation, the likely inclusion of some photoionized disk emission, and the small contribution from dust emission (11 µJy, Macías et al. 2016) , the numbers are roughly consistent.
One issue with this interpretation is the time delay between changes inṀ and the jet. This time delay is unknown but is not expected to be instantaneous. However, given our time sampling, we cannot rule out that theṀ of GM Aur increased over several days before E7 but after E6. Another issue is that radio observations of disks can also trace photoionized gas; high-energy stellar radiation can photoionize the disk, resulting in a wind (Alexander et al. 2014) . Macías et al. (2016) separated the dust and free-free emission of GM Aur, showing that the detected free-free emission is produced in two different environments: a photoionized disk and an ionized jet perpendicular to it. Here we do not have the resolution to separate the jet from the photoionized disk. If the increase in the 3 cm flux is actually due to an increase in the photoionized disk emission, this tentative correlation withṀ would imply that most of the EUV radiation, predicted to be the main driver of gas photoionization (Pascucci et al. 2012; Macías et al. 2016) , is produced by the accretion shock (Calvet & Gullbring 1998; Herczeg et al. 2007 ) rather than by the chromospheric activity (e.g., Alexander et al. 2004) , given that the X-ray emission (and by extension, the chromospheric EUV emission) did not vary between E6 and E8. On the other hand, this lack of X-ray variability supports the interpretation that the 3 cm variability is produced by variability in the jet.
SUMMARY AND CONCLUSION
In this first, simultaneous X-ray-UV-optical-IR-cm study of a TTS, we see that asṀ increases, a robust increase in the MIR emission occurs along with a possible increase in the 3 cm emission. While the 3 cm flux appears to have varied, the X-ray emission remained constant, supportive of the 3 cm variability originating in the jet and not the photoionized disk. The 3 cm emission morphology may have also changed compared with previous observations, pointing to jet variability.
We conclude that we are seeing the star-disk-jet con-
nection. An increase in the surface density in the inner disk where material is being loaded onto the star results in a higherṀ measured on the star and a higher massloss rate. This suggests a linked origin, presumably the stellar magnetic field, which can both channel material onto the star as well as eject it in collimated jets along twisted field lines. Future coordinated multiwavelength work is called for to study the connection between mass loading onto the star from the inner disk and subsequent mass ejection via the jet.
